Abstract This study was conducted to refine a small animal model of scoliosis, and to quantify the deformities throughout its growth period. Subcutaneous scapula-to-contralateral pelvis tethering surgery was selected due to its minimally invasive nature and potential applicability for a large animal model. The procedure was performed in 7-week-old New Zealand white rabbits. Group A animals (n=9) underwent the tethering procedure with a suture that spontaneously released. Group B animals (n=17) had the identical procedure with a robust tether and pelvic fixation, which was maintained for 2 months during growth. All animals developed immediate postoperative scoliosis with a Cobb angle of 23°(range, 6-39°) in group A and 59°(range, 24-90°) in group B animals. During the 2 month post-tethering, group A animals lost their tether and scoliosis resolved, whereas all animals in group B maintained their tether until scheduled release at which time the mean scoliosis was 62°. Immediately after tether release, group B scoliosis decreased to a mean 53°. Over the following 4 months of adolescent growth, the scoliosis decreased to a mean of 43°at skeletal maturity; the decrease usually occurred in animals with less than 45°c urves at tether release. Radiographs revealed apical vertebral wedging (mean 19°) in all group B animals. Sagittal spinal alignment was also assessed, and for group B animals, the scoliotic segment developed mild to moderate kyphosis (mean 28°) and torsional deformity, but the kyphosis resolved by 4 months after tether-release. Complications specific to this technique included a high rate of transient scapulothoracic dissociation and cases of cor pulmonale. In conclusion, this tethering technique in immature rabbits consistently produced scoliosis with vertebral wedging when the tether was intact through the first 2 months of the protocol. The transient exaggeration of kyphosis suggests that the production of scoliosis is not necessarily dependent on lordosis in this model. Because this technique does not violate thoracic or spinal tissues, it may be useful in the investigation of secondary physiologic effects of mechanically-induced scoliosis, and may be scalable to larger animal species.
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Introduction
Prospective randomized clinical trails provide the most accurate and clinically relevant information on the treatment of a disease. However, the application of experimental techniques in randomized human studies of scoliosis treatment is limited by ethical considerations. For this reason, a practical animal model of scoliosis would have great potential for gaining insight into the progression of and treatments for scoliosis. Specifically, our institution is interested in potential nonfusion treatments of scoliosis.
Scoliosis models have been created in animals by many techniques. Teratogenic scoliosis was induced by using endocrine or pharmacological treatments [3, 11, 13-15, 17, 18, and 31] . Other techniques had produced neuromuscular types of scoliosis [1, 2, 5, and 22] . Immobilization techniques were previously used [4, 8, 9, 12, 20 , and 27], and some scoliosis induction techniques included rib resection and/or muscle release [7, 23, 28, and 29] . Other surgical models have used a variety of tethering procedures, typically in small animals [16, 24, 25, and 30] .
The purpose of this pilot study was to refine a minimally invasive scoliosis model in a small mammalian species for use in directly investigating physiologic changes resulting from a mechanically produced curve, which could later be applied to a larger animal model in which human-sized technologies and devices would be applicable. The ideal technique would result in an unfused spine with a reproducible Cobb angle between 30°a nd 60°and would not violate the tissues surrounding the vertebra so that future corrective treatments could be applied. After a careful review, the technique of scapulato-contralateral pelvis tether was identified as the most promising method meeting the above requirements [30] . The specific aim of this study was to quantify the coronal and sagittal deformities resulting from spinal growth in the presence of a static scapula-to-contralateral pelvis tether, and to assess the reliability of such a model of scoliosis.
Materials and methods
New Zealand white rabbits were used in this experimental study of the scapula-to-contralateral pelvis tethering surgical technique. Institutional Animal Care and Use Committee approval was obtained. Based upon the pilot data, two groups were analyzed: group A rabbits had a tether that spontaneously released (usually within 4 weeks), and group B rabbits had a robust tether that required surgical release. All animals were approximately 7 weeks old at the time of the tethering procedure. Animals of this age were chosen because the tethering period and release could still be performed prior to maturity of the animal [19] . This allowed observation of the post-tethered rabbit spinal deformity during remaining adolescent growth.
Preoperatively, all animals received antibiotics [gentamicin 5 mg/kg subcutaneously (SQ)], and were anesthetized with ketamine (35 mg/kg), xylazine (5 mg/kg), and acepromazine (0.75 mg/kg) administered intramuscularly. Animals were divided into two treatment protocol groups based on the type of tether.
Operative tethering of the scapula to the contralateral pelvis in all animals consisted of an incision over the scapular neck and another incision over the contralateral iliac crest after which a subcutaneous tunnel was formed using blunt techniques. The tether was then passed through the subcutaneous tunnel with group A animals (n=9) using size O permanent braided sutures (Ethibond, Ethicon, Cincinnati, OH, USA). The suture was shortened so that the pelvis and scapula were drawn together to 90-95% of the original scapula-to-pelvis distance. The tether was easily palpable just below the skin of all animals. Group A animals reliably lost their tether typically within 4 weeks. Group B animals (n=17) had an identical procedure but with a robust non-resorbable No. 5 suture (Ethibond) shortened to 85-95% of the original scapula-to-pelvis distance, of which none failed. The more robust nature of the group B tether allowed for slightly greater shortening. Additionally, fixation to the pelvis entailed use of 0.9 mm stainless steel wire that had been formed into a figureof-eight-shaped ''toggle pin'' (Fig. 1 ). This toggle pin was placed in such a manner that it distributed force against the outer table of the iliac wing when tension was applied to the suture. A percutaneous tether release surgery was performed on all animals with intact tethers 2 months after the index tethering procedure.
Post-operative care included analgesics (buprenorphine 0.05 mg/kg SQ every 8 h) and antibiotics (enrofloxacin 5 mg/kg per day, SQ) for 3 days. All animals had weekly clinical assessment for weight gain and mobility (subjective visual analysis of animal's gait, as they crossed a 2 m track). Animals were followed until 6 months post-operatively at which time they were euthanized. Animals that spontaneously lost their tethers were euthanized when their scoliosis had normalized to approximately zero degrees. Euthanasia was achieved by intracardiac injection of 20 mEq potassium chloride. Necropsy was performed in all animals to confirm the presence or absence of deformity and to correlate the deformity to the radiographs. Additionally, manual spinal flexibility of each specimen was qualitatively evaluated at the time of necropsy.
Posteroanterior (PA) and lateral radiographs of the spine were taken with animals under general anesthesia at preoperative and immediate post-operative time points, and monthly thereafter, until 4 months after surgical tether release by which time animals had grown into mature adults. Radiographs were evaluated for spinal deformity and other bony abnormalities. The coronal and sagittal plane deformities were measured on PA and lateral radiographs by a single observer using the Cobb method [32] . Intra-observer variation was assessed by measuring the sagittal and coronal Cobb angles from five radiographs on three different days. Observer error was estimated using analysis of the components of variance. This analysis found an observer standard deviation of 6.3°for kyphosis and 4.5°for scoliosis.
Apical wedging and spinal length were measured from PA radiographs. Wedging was measured as previously described [26] immediately after tether release and at 4 months after tether release (6 months after initial tethering). Lines were drawn digitally on PA radiographs across superior and inferior endplates of the apical vertebrae. Wedging was then measured as the angular difference between these lines, and the opening end of the angle was noted to be oriented toward the concavity or convexity of the curve. Some degree of disc wedging was also noted in the apical region but was not quantified in this study. Spinal length was measured at the time of initial tethering and at 4 months after tether release from the T1-2 disc space to the L5-6 disc space.
Statistical analysis included linear regression to calculate the correlation coefficient between (i) the percent shortening of the suture and initial coronal curve (ii) the final coronal curve and percent shortening of the suture, and (iii) the magnitude of the main scoliotic curve and the degree of apical wedging. A paired t-test was used to compare the curve magnitudes between the monthly radiographs. p values less than 0.05 were considered statistically significant.
Results
Preoperative radiographs of all animals in group A (n=9) confirmed no pre-existing scoliosis, and all survived the index surgery. The mean post-operative scoliosis of group A animals was 23°(range, 6-39°). Seven of the animals lost their tethers before the 1-month X-ray, and the remaining two animals lost their tethers before the 2-month X-ray. Clinically, one could detect the loss of the tether in the subcutaneous tissue by palpation through the rabbit's thin skin. In these animals with spontaneous release of their tethers, there was a corresponding resolution of their scoliosis. Necropsies performed in this group confirmed tether failure, as well as the mode of failure. Four of the nine animals lost fixation at the pelvis due to the tensioned suture pulling through the weak pelvic bone. Intrasubstance failure of the size O non-absorbable braided suture occurred in the other five animals.
Of the 17 animals in group B, 11 survived through 6 months follow-up to skeletal maturity. Two rabbits succumbed to anesthesia-related complications, one died of an unknown cause 1 week postoperatively, and two animals were euthanized due to wound infections that did not respond to a minimum of 10 days of antibiotics. One rabbit, with scoliosis of 110°at 6 weeks post-tethering, continued to have cyanosis and failure to thrive despite tether release 2 weeks early. This animal was euthanized early due to presumed cor pulmonale.
Preoperative radiographs revealed no scoliosis in any of the group B animals. After tethering surgery, an immediate scoliosis was obtained with a mean Cobb angle of 59°(range, 24-90°, n=14), as shown in Fig. 2 . Fig. 1 Schematic of scapula-tocontralateral pelvis tethering procedure in group B (2 months intact tether) animals. Inset shows figure-of-eight-shaped ''toggle pin '' This was significantly different from pre-operative values (p<0.001), and all curves were concave toward the side of the tethered scapula. At 1 month, the scoliosis in this group was a mean of 60°(range, 15-110°, n=14). At 2 months, just prior to the time of the tether release, the mean Cobb angle was 62°(range, 32-120°, n=11). Immediately after tether release, scoliosis decreased to a mean 52°(range, 32-110°, n=11, p=0.008). By skeletal maturity at 6 months after tethering surgery (and 4 months after tether release), the mean scoliosis significantly decreased from its immediate post-release value to 43°(range, 11-123°, n=11; p=0.02). Four of six animals with scoliosis greater than 45°maintained or had progression of their scoliosis. Curves stabilized by 2 months after tether release, and changed by only a mean 0.6°(range, )9-9°) in the last 2 months of the study. Initial Cobb angles significantly correlated with the percent of suture shortening (R 2 =0.37, p=0.006). However, the percent of suture shortening and initial curve did not correlate with the final curve (p=0.57 and 0.37, respectively). Conversely, the curvature immediately after tether release did have a highly significant correlation with the final curvature (R 2 =0.59, p<0.0001).
All apical vertebral bodies were wedged toward the curve concavities. Apical wedging angles averaged 11°( ±7°standard deviation) immediately after tether release and 19°(±11°) at 4 months post-release. The final scoliotic curve was proportional to the degree of wedging after tether release (R 2 =0.67, p=0.002) and at 4 months post-release (R 2 =0.51, p=0.01). Animals with greater than 10°of vertebral body wedging maintained or had progression of their scoliosis. The initial spinal length was 18.4±1.3 cm, and by the 6 month duration (4 months post-tether), animals had grown by a mean 46±6% to 26.9±1.8 cm. The percent spinal growth did not correlate well with the degree of final scoliosis (R 2 =0.03, p=0.6). By 4 months post-tether release, there were eight animals in group B with single scoliotic curves; seven had the apex of their scoliosis between T5 and T10 (Fig. 3) , and one with a lumbar curve had the apex at L3; three animals had double thoracic curves. As for animals with multiple curves, only the largest curve was used in the statistical analysis.
Sagittal radiographs found that the scoliotic segment became more kyphotic compared to preoperative measurements in 16 of 17 group B animals 1 month after tethering surgery, with a mean increase of 28°(p<0.001, Fig. 4) . However, this increase in kyphosis was transient (Fig. 5) . By 4 months after tether release, the kyphosis resolved in all but one animal (kyphosis of 65°). This animal had severe scoliosis and radiographs also revealed a high degree of torsional deformity. The group A animals, which had no lasting scoliosis, did not have any significant change in their sagittal alignment.
Front limb gait abnormalities were noted in the tethered extremity in all but two of group B animals Fig. 2 Coronal plane curvature (mean Cobb angle, and error bars indicate one SD) for each experimental animal group as a function of time and tether integrity. Group A=self-releasing tether; group B=2 months intact tether 1 month after tethering surgery. Radiographs of these animals at 1 month identified varying degrees of scapulothoracic dissociation (Fig. 6 ). These gait disturbances and deformities were resolved by 4 months after tether release in all but one animal.
Post-mortem radiographs and necropsies revealed scoliosis and a rotation of the vertebrae in all animals of group B. Wedging of the apical vertebral bodies on the concave aspect of the curves confirmed radiographic findings. Radiographs also confirmed gowth-plate closure of all animals of 6-month duration. Gross examination revealed stiff but unfused segments at the apex of the curve.
Discussion
In this minimally invasive rabbit model of scoliosis, all animals maintaining an intact tether developed scoliosis with a mean final curve of 43°. Curves also exhibited sagittal and rotational deformity, and apical vertebral wedging toward the concavity of the scoliotic curve. The current study had more rigorous analysis than a prior study of this tethering scoliosis animal model [30] . The results of the present study found many similarities to this previous study, and differences as well. Comparison between group A group B demonstrated that reliable Fig. 3 Example of group B coronal radiographs demonstrating cases of single (a) and double (b) scoliosis at skeletal maturity (6 months and 4 months after tether release) Fig. 4 Example of group B sagittal radiograph demonstrating kyphosis and axial torsion production of scoliosis required an intact tether for a full 2-month period. This time period corresponds to approximately one-third of the rabbit growth period. Group A, which may be considered a sham control group, also demonstrated that concave surgical scarring did not result in scoliosis. It should be noted that although the degree of surgical invasiveness was similar to groups A and B, the amount of tether shortening was slightly greater for group B. This is the most likely reason for the difference in the initial scoliosis curves between the two groups.
Group B tethers were surgically released after 2 months, by which time the rabbits had reached the age of 15 weeks. Published growth curves show that at 15 weeks, the New Zealand White rabbit reaches only 67% of its adult weight [19] . The model, therefore, produced an adolescent type of scoliosis at the 15-week time point, which was one goal of this study. In future applications of this model, it may be possible to remove the tether earlier in order to allow for a greater time period for growth-related treatments of scoliosis. However, early tether release may only be possible in animals with vertebral wedging greater than 10°and scoliosis over 45°; smaller values would otherwise lead to a subsequent decrease in the magnitude of scoliosis as suggested by group A results. Prolonged tethering of larger curves may result in severe scoliosis and the risk of developing cor pulmonale.
The magnitude of scoliosis in the present study had considerable variation, and ranged from 11°to 123°. Initial tether shortening correlated with the initial degree of curvature, but the final degree of curvature did not correlate with the initial tethered curve. Initial tension of the tether was not directly measured, but was assumed to have been proportional to the percent shortening. However, the tether tension likely changed over time due to pelvic tilt, scapular subluxation, tether or soft tissue creep, spinal growth, and animal activity. Changes in tether tension rather than length may explain the variability in final curvature and the poor correlation of the final curve and initial tether shortening. Future studies with an implantable load cell and telemetry, over the length of the study, would allow measurement of tension due to the initial tether shortening and over time related to soft tissue relaxation, and spinal growth. A tension threshold could possibly be established for progressive versus non-progressive scoliosis using the current animal model.
While the final curve magnitude could not be accurately predicted at the time of tethering, the degree of curvature and vertebral wedging just after tether release were good predictors of the final curves. That is, once a larger curve was established, it was unlikely to resolve. In a prior study by Tsaung et al.
[30], curvatures over 45°were maintained or progressed by a mean 15°at final follow up. Similarly, 3 of 11 animals in the current study with scoliosis over 45°had maintenance of the curvature, whereas smaller curves stabilized at a lower value. In our study, the information on early curve magnitude could be used to reduce error when randomizing animals to treatment groups in future applications of this model. That is, variability can be reduced by performing experimental treatments only on the rabbits that have a scoliosis of 40°to 45°or more after their tether release. Animals with post-tether curves of less than 40°often had a decrease in curve magnitude over time and thus would create false positives for treatment effects. Somewhat analogous to human scoliosis, larger curves are more likely to progress, and prediction of scoliosis progression is a key factor in the decision whether or not to surgically intervene. Similar to greater curves at tether release predicting greater final curves, greater apical vertebral body wedging at the time of tether release predicted greater final curves and is similar to a previously described study [6] . Furthermore, while the amount of total spinal growth over the 6 month-study period did not seem to affect the degree of scoliosis, it is still possible that the growth rate during the tether period may be related to curve magnitude.
Despite success in consistently producing scoliosis, this animal model had several limitations. A modification of the originally described protocol [30] was necessary to ensure suture/pelvic bone integrity for the entire tethering period. In addition, as reported previously in other rabbit studies, survival rates were relatively low [10, 30] , and 6 of the 26 animals in this study died prematurely. Scapulothoracic dissociation and associated gait abnormalities were also noted in most animals. However, this condition resolved after tether removal in all animals.
The animal model used in the present study had many similarities to human idiopathic scoliosis, which is characterized as a three-dimensional deformity with curvature in the coronal plane, axial rotation of the vertebrae, progression during growth (particularly for curves over 45°), and vertebral wedging at the apex of the curve [26] . Additionally, compared to other scoliosis models cited in the introduction, the technique of the present study also produced cases of double curves. In humans, scoliosis may also be accompanied by decrease in the normal thoracic kyphosis. Some authorities believe that loss of thoracic kyphosis is essential to the etiology of scoliosis as a three-dimensional deformity. However, others have found that hypokyphosis is variable in scoliosis patients [10, 21] . Unlike our results, a prior study of the tethered rabbit model of scoliosis reported lordoscoliosis, yet similar to the present study, found axial rotational deformity [30] .
The present application of this model resulted in a transient kyphoscoliotic deformity during curve formation. Exaggeration of a rabbit's normal kyphosis may be expected in this model as the caudal and medial tether forces draw the scapula toward the pelvis, thereby increasing the kyphotic profile already present in the rabbit. So, while the initiation of scoliosis in the animal model is different than in human scoliosis, the findings of this study support the concept that coronal curve development and progression do not require a lordotic sagittal spinal profile.
While the scoliotic spines in this model may differ in size from those in human cases, the unseperated adolescent scoliotic spines produced in this model were truly three-dimensional, and therefore provide a valuable research tool. In addition to the coronal and sagittal plane deformities, torsional and vertebral wedging components were identified and warrant highresolution axial CT scans with reconstructions in future studies. This would quantify vertebral rotation, associated rib and chest deformities, as well as threedimensional vertebral body asymmetry. Furthermore, the lack of surgical intervention directly to the spine lends this model to histologic analysis of the apical endplates, which became wedged in the asymmetric load environment. The many similarities of this animal model to the human case also allow analysis of secondary conditions related to scoliosis such as thoracic volume changes and pulmonary restrictive disease. Finally, application of this technique to a larger animal may allow more measurements on the human scale, and would enable surgical intervention using techniques intended for human use.
Conclusion
This study confirmed that tethering of sufficient duration at the time of adolescent growth of animals predictably produced scoliosis with a mean curve magnitude between 40°and 45°. This model exhibited several similarities to human scoliosis including variability of the curve magnitude, progression of large curves during adolescent growth and a three-dimensional deformity including wedging of the apical vertebrae. This small animal model may be applied to studies of secondary conditions related to a mechanically-derived curve, and may have applicability to larger animals for evaluation of treatments for scoliosis in humans. growth of the New Zealand white rabbit: cumulative and biweekly incremental growth rates for body length, body weight, femoral length, and tibial length. 
